INTRODUCTION
============

Survivin, one member of the inhibitor of the apoptosis protein family, is expressed in multiple types of cancers but is undetectable in normal tissues.^[@R1]--[@R3]^ A series of studies has revealed that this protein could serve as a biomarker for the diagnosis and prognosis of multiple cancers, including breast cancer,^[@R4],[@R5]^ esophageal cancer,^[@R6],[@R7]^ endometrial cancer,^[@R8]^ salivary gland cancer,^[@R9]^ nonsmall-cell lung cancer and small-cell lung cancer,^[@R10],[@R11]^ gastric cancer,^[@R12]^ and epithelial ovarian cancer.^[@R13]^ Primary studies have revealed that Survivin correlates with apoptosis inhibition, while recent studies demonstrated that Survivin is also involved in multiple positive progress of malignant processes and cancer progression, including tumorigenesis,^[@R14]^ invasion and metastasis,^[@R15],[@R16]^ and drug resistance,^[@R17]--[@R20]^ and is also closely correlated with the clinical stage of cancer, lymph node and distant metastasis. Furthermore, Survivin may also serve as a signal mediator because it can be regulated by multiple biomolecules in biological processes.^[@R21]--[@R25]^ Thus, Survivin has been proposed as an effective target for cancer therapy alone or combination with other therapeutic strategies.^[@R26]--[@R31]^ High expression level of Survivin is always detected in multiple cancers since its promoter is specifically and highly activated in cancers, thus Survivin promoter is a valuable tool to drive specific expression of target genes, especially for toxic genes, in cancer cells for gene therapy.^[@R2],[@R32]--[@R37]^

Immunotoxins, including diphtheria toxin (DT), have been widely used for cancer therapy.^[@R38],[@R39]^ Previous studies revealed that cancer cells are more sensitive to DT than are normal cells, and DT could inactivate elongation factor 2 (EF-2) by adenosine diphosphate ribosylation and inhibit protein translation, thereby triggering apoptosis and achieving cancer therapy through the application of DT with specific promoters^[@R40]--[@R46]^ or a fused protein,^[@R47],[@R48]^ which can selectively target and kill cancer cells. However, the limitation of these studies, including the difficulties in translocation of target proteins or genes into cancer cells and the efficacy or safety of these tools used for translocation, always occurred. Although lentiviruses have been extensively used in genetic manipulation due to their powerful ability to deliver target sequences, they also harbor multiple advantages, including greater transgene capacity and the transduction of genes into the nucleus of nondividing cells mediated by the preintegration complex (PIC), low immunogenicity, and the persistent expression of target genes for their insertion within the genomic DNA of host cells. However, many concerns have also arisen regarding their insertion, and integrase-deficient lentivirus (IDLV) represents a promising tool for human gene therapy, which has been well reviewed in our previous studies.^[@R49]^

In this study, we achieved the coordinate expression of fluorescent protein and diphtheria toxin A (DTA) through lentiviral vectors, and these expression cassettes are driven by the cytomegalovirus (CMV) or Survivin promoter, thereby achieving the specific and efficient expression of the toxic gene in cancer cells but not normal cells. Additionally, we obtained IDLV expressing DTA in modified HEK293T cells, which could inhibit cell proliferation through protein synthesis inhibition in vitro. Meanwhile, we also demonstrated that these IDLVs could inhibit the tumor growth in immune-deficient nude mice.

MATERIALS AND METHODS
=====================

Cell Culture
------------

L-O2, HFL-1, TE-1, Eca109, A549, MDA-MB-231, SK-BR-3, ZR-7530, HeLa, and HEK293T cells were grown in Dulbecco\'s Modified Eagle medium (DMEM) plus 10% heat-inactivated fetal bovine serum containing penicillin and streptomycin (pen/strep). To establish the modified stable cell line HEK293T\[mEF-2(G717R)\], we added 1.5 μg/mL puromycin to the culture medium.

Clinical Sample Collection
--------------------------

All of the human normal and tumor samples were obtained from patients of Fuzhou General Hospital under a standard protocol that was approved by the Fuzhou General Hospital Ethics Committee. Total RNA was extracted from fresh samples using TRIzol, and cDNA synthesis was performed with the ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan, Cat No. FSQ-301); meanwhile, total protein was also extracted after lysing with Ripa lysis buffer.

Western Blots
-------------

The total protein of cells or tissues was harvested and transferred to a PVDF membrane for western blotting. The human Survivin protein level was detected using polyclonal rabbit anti-survivin antibody (Abcam, Cambridge, USA, Cat No. ab24479), and human β-actin was used as an internal control using a mouse anti-β-actin monoclonal antibody (Beyotime, Nantong, China, Cat No. AA128). The corresponding Horse Radish Peroxidase (HRP)-conjugated goat anti-rabbit IgG (Abcam, Cat No. ab136817) and HRP-conjugated goat anti-mouse IgG (ZSGB-Bio, Cat No. ZB-2305) served as secondary antibodies to detect the abundance of these proteins.

Quantitative PCR
----------------

The RNA of cells or tissues was extracted, and cDNA was produced using cDNA synthesis kit. Real-time PCRs were performed following the manual of the BIO-RAD Mini Thermal Cycler and the SYBR Green qPCR Mix Reagent (TOYOBO, Cat No. QPS-201). The primers that were used for all of the target genes are described in Table S1 <http://links.lww.com/MD/A359>.

Target Sequences Clone, Vectors Construction, and Luciferase Reporter Assays
----------------------------------------------------------------------------

All of the target sequences were obtained using Pfu polymerase (Transgene, Beijing, China, Cat No. M0254L) and specific primers (Tables S2 and S3 <http://links.lww.com/MD/A359>). The primers in Table S2 <http://links.lww.com/MD/A359> were used to amplify the Survivin promoters, and pGL3-Surp269-Luciferase and pGL3-Surp1430-luciferase were, respectively, obtained after the insertion of these promoter fragments into a pGL3-Basic vector that was linearized with the same restricted enzymes. Lentiviral vectors for coordinately expressing fluorescent protein and DTA were constructed, and these expression cassettes were driven by the CMV or Survivin-1430 promoters (Surp1430). The open-reading frame (ORF) of DTA was amplified from pBSDT-AII plasmids (kindly provided by Prof Yoh Wada at Osaka University, Japan), and other target sequences were derived from our previous study.^[@R50]^ The primers that were used for lentiviral vector construction are described in Table S3 <http://links.lww.com/MD/A359>, and the steps for cloning and construction are summarized in Figure S1 <http://links.lww.com/MD/A359>.

The luciferase reporter activities were determined using the Dual-Luciferase Reporter Assay System (Promega, Madison, USA, Cat No. E1910). For all of the luciferase assays, pGL3 and pRL-TK were co-transfected into cells, and the Renilla luciferase activities were determined to calibrate the transfection efficiency. The calibrated value for internal control was used to normalize all of the other values to obtain the normalized relative luciferase units representing the activities of the corresponding promoters.

EF-2 and Integrase Direct Mutation
----------------------------------

To produce DTA-expressing lentivirus in HEK293T cells, a modified HEK293T cell line that could express mutated elongation factor 2 (mEF-2) should be established. The specific primers for human EF-2 clone and mutagenesis are described in Table S4 <http://links.lww.com/MD/A359>. The PCR products of EF-2 were extracted and then digested with *Eco*RI and *Bam*HI enzymes; following the digestion, pCDH-CMV-EF-2-EF1-puro was obtained after the insertion of digested products of EF-2 into pCDH-CMV-MCS-EF1-puro, and the mutagenesis of human EF-2 was subsequently performed by the site-directed mutagenesis of codon 717(G717R, [GGA]{.ul} to [CGA]{.ul}) using a Site-Directed Mutagenesis Kit (Stratagene, San Diego, USA).

To generate mutations at specific sites in integrase, an AgeI-integrase-BspT1 fragment was obtained by high-fidelity PCR with a template pMDLg/pRRE vector and the specific primers in Table S4 <http://links.lww.com/MD/A359>, and AgeI-integrase-BspT1 was inserted into the pMD-18T simple vector (TaKaRa, Dalian, China, Cat No. D103A). The sequence of integrase was confirmed by enzyme digestion and sequencing. The pMD-18T simple vector containing the integrase ORF served as the template, and mutagenesis was performed with the Site-Directed Mutagenesis Kit (Stratagene) and the specific primers in Table S4 <http://links.lww.com/MD/A359>. Some single bacteria were selected, and plasmids were isolated for identification by enzyme digestion and sequencing. After the identification of mutations, enzyme digestion and ligation was performed for the construction of pMDLg/pRRE (RRK262263264AAH), a packaging vector containing mutated sites at RRK262263264.

Lentivirus Production, Precipitation, and Titration
---------------------------------------------------

All of the lentiviruses were generated in HEK293T\[mEF-2(G717R)\] after transient transfection with the PEI reagent (Sigma, Saint Louis, USA, Cat No. 40872-7) and plasmids (Figure S3 <http://links.lww.com/MD/A359>). Lentivirus-containing medium was collected every 24 h for 3 days, and cellular debris was cleared by low-speed centrifugation and passage through a 0.45-μm filter (Millipore, Billerica, USA, Cat No. SLHV033RB). The collected medium was concentrated with the PEG-it™ virus precipitation solution (SBI, Mountain View, USA, Cat No. LV810A-1), and pellets containing viral particles were re-suspended with DMEM. Lentiviral titers was measured with the QuickTiter™ Lentivirus Quantitation Kit (CELL BIOLABS, San Diego, USA, Cat No. VPK-108-HIV-P24).

Xenograft Studies and Lentivirus Injection
------------------------------------------

Viable ZR7530 cells were harvested and re-suspended in DMEM and then injected subcutaneously into 4- to 6-week-old female nude mice. The animal experiments were performed according to the ethics rules that were approved by the Fuzhou General Hospital Ethics Committee. Among these nude mice, 5 nude mice per group were randomly divided for receiving different treatments. The tumor sizes were measured every 5 days using a vernier calliper after injection of concentrated lentivirus, and the tumor volumes were analyzed using the formula 0.52 × width^2^ × length. The tumors were dissected and separated from the bodies at the time of sacrifice, which was 60 days post-tumor implantation.

Statistical Analysis
--------------------

The data represent at least 3 independent experiments using cells or extracts from a minimum of 3 separate isolations. The differences between the groups were compared using an analysis of variance for repeated measures. All of the statistical analyses were performed with the software GraphPad. Prism. v5.0, and the error bars indicate the standard deviation.

RESULTS
=======

Increased Level of Survivin Protein and mRNA in Cancer Tissues and Cells
------------------------------------------------------------------------

We tested the endogenous expression level of Survivin protein and mRNA in several human clinical samples, including normal rectum tissue, esophageal squamous cell carcinoma adjacent tissue, esophageal squamous cell carcinoma tissue, gastric cancer adjacent tissue, gastric cancer tissue, breast cancer tissue, rectal cancer adjacent tissue, and rectal cancer tissue. As shown in Figure [1](#F1){ref-type="fig"}A, we did not detect the expression of Survivin protein in normal rectum tissue, and a very weak level of Survivin protein was found in esophageal squamous cell carcinoma adjacent tissue; however, Survivin protein was easily detectable in the other tissues. Moreover, the most distinct difference in protein level occurred between the normal rectum group and the gastric cancer adjacent tissue group, and the gastric cancer adjacent tissue had a 288-fold increase compared to that of the normal tissue. Even the rectal cancer tissue, the group with the lowest expression of Survivin protein, had a 7.6-fold increase compared to that of the normal group. The Survivin transcript was also evaluated through quantitative real-time PCR with specific primers that are described in Table S1 <http://links.lww.com/MD/A359>. The levels of Survivin mRNA transcript were also quite lower in normal rectum tissue and esophageal squamous cell carcinoma adjacent tissue than in the other tissues that were used in this study, especially in breast cancer tissue, which had a \>7000-fold increase compared to that of normal rectum tissue (Figure [1](#F1){ref-type="fig"}B).

FIGURE 1Survivin protein and mRNA levels are dramatically increased in cancer tissues. 1, normal rectum tissue; 2, esophageal squamous cell carcinoma adjacent tissue; 3, esophageal squamous cell carcinoma tissue; 4, gastric cancer adjacent tissue; 5, gastric cancer tissue; 6, breast cancer tissue; 7, rectal cancer adjacent tissue; 8, rectal cancer tissue. (A) Comparison of the protein levels in normal and cancer tissues by western blotting. The protein levels of Survivin are normalized with the β-actin protein level. The analysis and histogram of the protein level are described above the protein bands; (B) Analysis of the mRNA levels in normal and cancer tissues by quantitative polymerized chain reaction. The mRNA levels of Survivin are normalized with the β-actin mRNA level.

In addition to the collection of clinical samples, we also examined the expression level of Survivin mRNA and protein in normal and cancer cells, including 2 normal cell lines L-O2 and HFL-1; 2 lines of esophageal cancer cells TE-1 and Eca109; the lung cancer cell line A549; 3 lines of breast cancer cells MDA-MB-231, SK-BR-3, and ZR7530; and the cervical cancer cell line HeLa. As shown in Figure [2](#F2){ref-type="fig"}A, no or a weak expression of Survivin protein was found in normal cells, whereas a more abundant level of Survivin protein occurred in cancer cells compared to normal cells. The greatest level of Survivin occurred in SK-BR-3 cells, and the lowest level occurred in A549, the difference between these 2 groups was 24.1-fold. On average, cancer cells showed a 46.1-fold increase in the Survivin protein level. In addition, the Survivin transcript was also analyzed through quantitative real-time PCR with the same primers as described above. The levels of the Survivin transcript in cancer cells were higher than in normal cells, and the most significant difference occurred between HFL-1 and ZR7530 cells, with a 5.8-fold increase in ZR7530 cells. On average, cancer cells showed a 1.8-fold increase in the Survivin mRNA level compared to those of normal cells (Figure [2](#F2){ref-type="fig"}B).

FIGURE 2Survivin protein and mRNA levels are dramatically increased in cancer cells. (A) Comparison of the protein levels in normal and cancer cells by western blotting. The protein levels of Survivin are normalized with the β-actin protein level. The analysis and histogram of the protein level are described above the protein bands; (B) Analysis of mRNA levels in normal and cancer cells by quantitative polymerized chain reaction. The mRNA levels of Survivin are normalized with the β-actin mRNA level.

Survivin-1430 Promoter Has a Stronger Activity Than Survivin-269 Promoter and Is Dramatically Elevated in Cancer Cells
----------------------------------------------------------------------------------------------------------------------

To better use the Survivin promoter in cancer gene therapy, 2 pairs of specific primers were designed to clone Surp1430 and Survivin-269 promoters (Surp269), respectively. As shown in Figure [3](#F3){ref-type="fig"}A, we obtained these target bands of the Survivin promoter with high-fidelity PCR, and we also obtained the corresponding pGL3 vectors as driven by Surp1430 or Surp269 (Figure [3](#F3){ref-type="fig"}B). Moreover, the activities of these 2 promoters in different cancer cells, including HeLa, Eca109, and ZR-7530, were analyzed after the co-transfection of pGL3 and pRL-TK, and we found that Surp1430 has a stronger activity than does Surp269 in all of these cells (Figure [3](#F3){ref-type="fig"}C).

FIGURE 3Clone different sizes of the Survivin promoter and compare their activities in cancer cells. (A) Clone of Survivin promoters and construction of pGL3 reporter vectors as driven by the Survivin promoter. Lane 1 is the PCR product of Surp269, lane 2 is the product of pGL3-Surp269-Luciferase digested with the *Kpn*I and *Nhe*I enzymes, lane 3 is the PCR product of Surp1430, and lane 4 is the product of pGL3-Surp1430-Luciferase digested with *Kpn*I and *Nhe*I enzymes; (B) Diagram of the Survivin promoter-Luc construct with the firefly luciferase gene under the control of Surp1430 or Surp269; (C) Comparison of the Surp1430 and Surp269 activities in different cancer cells. PCR = polymerized chain reaction.

Additionally, the activities of the CMV promoter and Surp1430 in multiple normal and cancer cells were compared through luciferase reporter assays, and the luciferase activities as driven by Surp1430 were tested after the co-transfection of pGL3-Surp1430 and pRL-TK. As shown in Figure [4](#F4){ref-type="fig"}, we found that the activity of Surp1430 is very weak in normal cells compared to that in cancer cells; however, the activity of Surp1430 dramatically increased in multiple cancer cells. The most significant difference occurred between HFL-1 and SK-BR-3, with up to a 55.6-fold difference between these 2 groups. Compared to the CMV promoter, a universal promoter that is always used to drive the ubiquitous expression of target genes, the activities of the Surp1430 promoter were slightly lower than those of the CMV promoter in tested cells. Therefore, we conclude that the Survivin promoter is a good driver for the expression of toxic genes, and Surp1430 is a better candidate than Surp269 in cancer gene therapy.

FIGURE 4In vitro analyses of the Surp1430 and CMV promoter activities through transient transfection. The transcriptional activities of the Surp1430 and CMV promoters were measured in normal and multiple cancer cells. CMV = cytomegalovirus.

Specifically Killing Cancer Cells and Achieving Minimal Adverse Effects After Transfection With DTA-Expressing Lentiviral Vector Driven by Surp1430
---------------------------------------------------------------------------------------------------------------------------------------------------

Because the Survivin promoter is specifically activated in cancer cells, we designed and constructed 2 groups of lentiviral vectors, which could coordinately express fluorescent protein and DTA mediated by foot and mouth disease viruses (FMDV) 2A, to test their capabilities of killing cancer cells. Among these lentiviral vectors, coordinate expression cassettes in 1 group are driven by the CMV promoter, while coordinate expression cassettes in another group are driven by Surp1430 (Figure S2 <http://links.lww.com/MD/A359>). After the transfection of a different amount of DTA-expressing lentiviral vectors into normal and cancer cells, we counted the numbers of viable cells in each treated well, calculated their inhibitory effect on cell proliferation, and found that normal cells are not sensitive to DTA-expressing lentiviral vectors as driven by Surp1430; however, cancer cells differentially responded to DTA and eventually resulted in a cell survival reduction from 42% to 92%. Furthermore, 0.1 μg of DTA-expressing lentiviral vector is enough to kill cancer cells (Figure [5](#F5){ref-type="fig"}A). Subsequently, we detected the RNA level of DTA in multiple cells after transfection with 0.1 μg of DTA-expressing lentiviral vectors (Figure [5](#F5){ref-type="fig"}B). Concluded from Figure [5](#F5){ref-type="fig"}A and 5B, the result suggested that these cells differentially respond to the toxicity of DTA.

FIGURE 5In vitro assays of killing effect on cancer cells with DTA-expressing lentiviral vectors driven by Surp1430 promoters. (A) Lentiviral vectors comprising the coordinate expression of fluorescent protein and DTA as driven by Surp1430 specifically kill cancer cells in vitro. Cell proliferation was inhibited and cell counts decreased after the transient transfection of DTA-expressing lentiviral vectors as driven by Surp1430 in cancer cells. The 0-μg group represents the co-transfection of 0.3 μg of pPRIME-CMV-GFP-FF3, 0.2 μg of pGL3-control and 25 ng of pRL-TK into cells; the 0.1-μg group represents the co-transfection of 0.1 μg of pPRIME-Surp1430-GFP-2A-DTA-FF3, 0.2 μg of pPRIME-CMV-GFP-FF3, 0.2 μg of pGL3-control and 25 ng of pRL-TK into cells; and the 0.3-μg group represents the co-transfection of 0.3 μg of pPRIME-Surp1430-GFP-2A-DTA-FF3, 0.2 μg of pGL3-control and 25 ng of pRL-TK into cells; (B) Quantifying the RNA level of DTA in multiple cells after transfection with DTA-expressing lentiviral vectors. CMV = cytomegalovirus, DTA = diphtheria toxin A.

Production of DTA-Expressing IDLV in HEK293T\[mEF-2(G717R)\]
------------------------------------------------------------

Based on the result of the cellular survival assays described above, novel lentiviruses, which could not only simultaneously express fluorescent protein and DTA but also avoid the insertion of its genome into host cells, were suggested for production for an in vivo assay. However, wild-type HEK293T could also be killed by DTA due to its role in protein synthesis inhibition; thus, it is not feasible to produce DTA-expressing lentivirus without some modifications. For DTA-expressing lentivirus production, we cloned the EF-2 gene and obtained pCDH-CMV-EF-2-EF1-Puro after vector construction. In addition, we induced a direct point mutation at the G717 residue of EF-2 with specific primers, thereby achieving the overexpression of mEF-2 in wild-type HEK293T after the establishment of a stable cell line named HEK293T\[mEF-2(G717R)\], which was infected with mEF-2-expressing lentivirus and selected with drugs. Therefore, HEK293T\[mEF-2(G717R)\] could resist the inhibitive effect of protein synthesis that derived from DTA expression due to its overexpression of mEF-2.

After the co-transfection of the lentiviral vector with pMDLg/pRRE (RRK262263264AAH), pRSV-Rev and VSVG into HEK293T\[mEF-2(G717R)\], we obtained all of the IDLVs. Among these IDLVs, pPRIME-CMV-GFP-FF3 and pPRIME-Surp1430-GFP-FF3 served as controls, while pPRIME-CMV-GFP-2A-DTA-FF3 served as a positive control because its coordinate expression cassette was driven by the CMV promoter. As shown in Figure [6](#F6){ref-type="fig"}, compared to pPRIME-CMV-GFP-FF3, a weaker fluorescence occurred after the transfection of pPRIME-CMV-GFP-2A-DTA-FF3 into HEK293T\[mEF-2(G717R)\]; however, the absence of fluorescence was found after the transfection of pPRIME-CMV-GFP-2A-DTA-FF3 into wild-type HEK293T (Figure S4 <http://links.lww.com/MD/A359>). Additionally, very weak fluorescence was observed after the transfection of pPRIME-Surp1430-GFP-FF3 into HEK293T. Moreover, almost no fluorescence was observed after the transfection of pPRIME-Surp1430-GFP-2A-DTA-FF3 into HEK293T\[mEF-2(G717R)\], indicating that HEK293T\[mEF-2(G717R)\] was successfully obtained and the DTA we used is effective for protein synthesis inhibition.

FIGURE 6Production of IDLVs after the co-transfection of lentiviral plasmids and packaging plasmids into HEK293T\[mEF-2(G717R)\] cells. (A) Production of pPRIME-CMV-GFP-FF3 IDLVs in cells; (B) Production of pPRIME-CMV-GFP-2A-DTA-FF3 IDLVs in cells; (C) Production of pPRIME-Surp1430-GFP-FF3 IDLVs in cells; (D) Production of pPRIME-Surp1430-GFP-2A-DTA-FF3 IDLVs in cells. CMV = cytomegalovirus, IDLV = integrase-deficient lentivirus.

Eradication of Breast Cancer Cells in Nude Mice With DTA-Expressing IDLV
------------------------------------------------------------------------

To validate the effect of DTA-expressing IDLV in cancer gene therapy, we established xenografts with ZR7530 in nude mice; these nude mice were randomly assigned into 4 different groups, and every group had 5 nude mice that were used in the experiment (n = 5). When tumors were produced in these nude mice and when the volume of these tumors grew to approximately 35 mm^3^, we injected concentrated DTA-expressing IDLVs into different groups; the first group received the pPRIME-CMV-GFP-FF3, the second group received the pPRIME-Surp1430-GFP-FF3, the third group received the pPRIME-CMV-GFP-2A-DTA-FF3, and the fourth group received the pPRIME-Surp1430-GFP-2A-DTA-FF3. Among these IDLVs, both pPRIME-CMV-GFP-FF3 and pPRIME-Surp1430-GFP-FF3 served as negative controls, while pPRIME-CMV-GFP-2A-DTA-FF3 served as a positive control because the coordinate expression cassette was controlled by the CMV promoter, a ubiquitous promoter that is always used for the overexpression of target genes in cells and tissues.

As shown in Figure [7](#F7){ref-type="fig"}, after the repeated administration of IDLVs containing 4 × 10^6^ TU every time at 3 different time points (30, 40, and 50 days after implantation), we found that neither of the negative controls had any effect on the eradication of cancer cells because the tumors receiving these IDLVs still grew rapidly after IDLV injection. However, the tumors were significantly repressed after the injection of DTA-expressing IDLVs compared to the negative controls (CMV-GFP vs CMV-DTA-2A-GFP, *P* = 0.0154; Survivin-GFP vs Survivin-DTA-2A-GFP, *P* = 0.0165; *P* \< 0.05), and no significant difference occurred between DTA-expressing IDLVs that was driven by CMV or Surp1430 promoters(CMV-DTA-2A-GFP vs Survivin-DTA-2A-GFP, *P* = 0.3445, *P* `>` 0.05), suggesting that DTA-expressing IDLVs are feasible for cancer gene therapy. Although we observed tumor repression in the tested groups after repeated injection of DTA-expressing IDLVs, the tumors could not be completely eradicated, and a very small mass of tumors survived until mouse dissection. As expected, we found no potential toxicity on the whole body weight after dissection in the nude mice those were injected with pPRIME-CMV-GFP-FF3 or pPRIME-Surp1430-GFP-FF3, and no significant difference occurred between these 2 groups (*P* = 0.8119, *P* \> 0.05); in addition, no adverse effect on whole body weight of nude mice injected with pPRIME-Surp1430-GFP-2A-DTA-FF3 when compared with pPRIME-CMV-GFP-FF3 (*P* = 0.3453, *P* \> 0.05). However, obvious adverse effect was found after injection with pPRIME-CMV-GFP-2A-FF3 (*P* \< 0.0001).

FIGURE 7The effect of the intratumoral injection of DTA-expressing IDLVs on subcutaneous breast tumor growth in nude mice (n = 5). (A) The tumor growth curve after the repeated injection of pPRIME-CMV-GFP-FF3, pPRIME-Surp1430-GFP-FF3 IDLVs, pPRIME-CMV-GFP-2A-DTA-FF3, and pPRIME-Surp1430-GFP-FF3 IDLVs; (B) The dissection of tumors from nude mice after multiple injection of IDLVs, the injected IDLVs are described above the tumors; (C) The rate of increased body weight between mice after injection with IDLVs. Before the initial injection, the whole body weight of mice was recorded, the value of body weight was also recorded after tumors dissection, and the increased value was calculated, then the effect of IDLVs on body weight change was evaluated when compared with group injected with pPRIME-CMV-GFP-FF3. DTA = diphtheria toxin A; IDLV = integrase-deficient lentivirus. CMV, cytomegalovirus.

DISCUSSION
==========

In addition to Survivin protein, recent studies found that receptor-tyrosine-kinase-like orphan receptor 1, a cell surface receptor tyrosine kinase expressed in chronic lymphocytic leukemia, could also be served as a marker to identify malignant cells from normal cells,^[@R51]^ and it has also been identified as a potential therapeutic target for the treatment of leukemia and lung adenocarcinoma,^[@R52]--[@R54]^ thus both of them may be useful for cancer gene therapy. To achieve the specific expression of DTA in cancer cells and to avoid the side effect on normal cells and tissues, we obtained 2 Survivin promoters and then compared their activities in different types of cancer cells. Luciferase reporter assays in our study showed that Surp1430 possesses stronger activities in cancer cells than Surp269, suggesting that different nucleotides between Surp1430 and Surp269 are helpful for increasing the activities of Surp1430, and finally we used Surp1430 to drive the strong and specific expression of DTA in cancer cells. Compared to the CMV promoter, the activity of Surp1430 is much lower than that of the CMV promoter in normal cells; however, the activity of Surp1430 is comparable to that of the CMV promoter in cancer cells, thereby guaranteeing the abundant and specific expression of DTA in cancer cells.

Additionally, to monitor the process of lentivirus packaging and to trace the activating sites of DTA, we linked fluorescent protein and DTA with FMDV 2A sequence, which has been validated in previous studies for their advantages in bicistronic expression.^[@R55]--[@R58]^ Namely, we constructed a coordinate expression cassette, fluorescent protein-2A-DTA, to achieve the expression of fluorescent protein and to avoid the inhibition of fluorescent protein synthesis, and the expression of fluorescent protein can be used to determine the effect of lentivirus packaging. As shown in Figure S4 <http://links.lww.com/MD/A359>, we found no fluorescence in wild-type HEK293T cells, suggesting that fluorescent protein synthesis was totally inhibited in spite of these expression cassettes being driven by the CMV promoter. In contrast, distinct fluorescence was observed in HEK293T\[mEF-2(G717R)\] cells even though they were also driven by the CMV promoter, indicating that HEK293T\[mEF-2(G717R)\] cells can effectively avoid the toxicity of DTA. However, the activity of Surp1430 is very weak in HEK293T cells because the fluorescence that is driven by Surp1430 is much weaker than that is driven by CMV promoter. In contrast, almost no fluorescence was observed after the transfection of pPRIME-Surp1430-GFP-2A-DTA-FF3 into HEK293T\[mEF-2(G717R)\] cells. Therefore, DTA could effectively inhibit the expression of fluorescent protein in unmodified cells, and the HEK293T\[mEF-2(G717R)\] cells that were established in our study provided an effective pool for DTA-expressing lentivirus packaging.

Although lentiviruses have some advantages compared to other viruses, including the persistent expression of exogenous genes, weak immunogenicity, greater transgene capacity, and convenient production, there are safety concerns regarding insertional mutagenesis; therefore, it is necessary to modify lentiviruses to relieve the risk of insertional mutagenesis while leaving the attractive properties of lentiviruses. IDLVs could solve these problems and have been widely used in human gene therapy.^[@R49]^ As discussed in our previous study, many key amino acid residues in integrase have been modified for the generation of IDLVs, and these IDLVs have been used to infect mouse or human cells in vitro and in vivo. Among these mutants, the RRK262263264AAH mutant is effective in the long-term expression of exogenous genes in nondividing cells and in low residual integrase activities.^[@R59]^ Because a single molecule of DT is enough to kill a cancer cell as long as it is included in cell, the transient expression level of DTA as mediated by IDLVs is a good candidate for cancer gene therapy. Moreover, the application of IDLV also enhances the safety of cancer gene therapy. Therefore, we obtained the RRK262263264AAH mutant after direct mutation and then used pMDLg/pRRE (RRK262263264AAH), which expresses the RRK262263264AAH mutant, to perform lentivirus packaging. These DTA-expressing IDLVs not only possess the property of integrase deficiency but also coordinately express fluorescent protein and DTA driven by the CMV or Survivin promoter, respectively. Moreover, in vitro and in vivo assays both demonstrated the potential and safety of killing cancer cells after using our system, suggesting that our system represents a promising tool in cancer gene therapy.

Although we noted a very small mass of tumors in nude mice after the injection of DTA-expressing IDLVs, their killing effect on xenografts tumors is significant, and their failure in the penetration of IDLVs across tumor masses may be responsible for the survival of these tumors. Moreover, we also found that no obvious pathogenic effects on whole body weight of nude mice after the injection of DTA-expressing IDLVs as driven by the tumor-specific promoter. These results are similar to those of previous studies,^[@R40],[@R46]^ but we used IDLVs, a safer system, to achieve a safer cancer therapy. However, since Survivin protein overexpression was also detected in megakaryocyte and erythrocytes, and it is also up-regulated by β-catenin,^[@R60]^ which is activated during erythropoiesis process.^[@R61]^ Therefore, a long-term observation for side effect on hematopoiesis and large-scale experiments using our Survivin promoter-driven IDLV system should be performed to validate the safety of our system before medical trials.

CONCLUSIONS
===========

In conclusion, we demonstrated that the Survivin promoter is specifically and highly activated in cancer cells and tissues; however, its activity was repressed in normal cells and tissues. Moreover, we compared and used Surp1430 to drive the bicistronic expression cassette, including fluorescent protein-2A-DTA in a lentiviral vector. Meanwhile, we successfully obtained a modified HEK293T, HEK293T\[mEF-2(G717R)\], for use in DTA-expressing IDLVs production. In vitro and in vivo assays both showed that our DTA-expressing IDLV system can specifically kill a variety of cancer cells with low side effects, thereby providing a promising tool for targeted gene therapy for cancers.

Abbreviations: DMEM = Dulbecco\'s Modified Eagle medium, DT = diphtheria toxin, DTA = diphtheria toxin A, EF-2 = elongation factor 2, FBS = fetal bovine serum, FMDV = foot and mouth disease viruses, IDLV = integrase-deficient lentivirus, mEF-2 = mutated elongation factor 2, ORF = open-reading frame, PIC = preintegration complex, RLUs = relative luciferase units, Surp1430 = Survivin-1430 promoters, Surp269 = Survivin-269 promoters.
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